In the Danish pig production system, an indirect enzyme-linked immunosorbent assay (ELISA) for detection of antibodies in meat juice is used for Salmonella surveillance. Quality control (QC) of this ELISA was previously based on repeated testing of control serum samples. The purpose of the study reported here was to collect, characterize, and implement a panel of meat juice pools for supplemental internal QC. Muscle samples for extraction of meat juice were collected from slaughter pigs of 5 herds infected with Salmonella spp. and from 4 herds without Salmonella infection. A QC panel with 39 pools of meat juice, yielding ELISA optical density (OD) values covering the full range of expected OD values, was prepared and tested repeatedly to determine mean and SD OD values. Each pool was tested twice on each microtitration plate, and the results were used to determine limits for validity of future tests. This QC panel was included as an internal QC to be tested every month. Besides the QC panel, 2 panels containing 100 samples of meat juice with OD above the positive cut-off value and 100 samples with OD below that value were prepared for quarterly control of the diagnostic sensitivity (DSe) and the diagnostic specificity (DSp) of the ELISA. The inclusion of these panels in the QC system will provide information about drifts in DSe and DSp of the test. The procedures described here can be applied to other tests where meat juice samples are used for testing.
Introduction
Traditionally, enzyme-linked immunosorbent assay (ELISA) serologic testing has been carried out using serum samples; however, meat juice samples recently have proven to be a valid alternative. For example, the indirect ELISA used in the surveillance system for monitoring levels of Salmonella infections in Danish slaughter pigs uses meat juice. 8 Serum samples are used as controls on each microtitration plate in the Salmonella ELISA 6 even though the assay is used for testing meat juice samples. Although this might be sufficient in most cases, internal quality control (QC) preferably should be carried out using the same type of sample as the test samples. 9 In the study reported here, 2 panels of meat juice samples were collected, characterized, and used for internal QC for the Danish Salmonella ELISA.
Materials and methods
Salmonella antibody ELISA. An indirect ELISA 7 based on the Salmonella O antigens 1, 4, 5 to 7, and 12 was used for detection of Salmonella antibodies in meat juice. Briefly, mixed lipopolysaccaride antigens from Salmonella serovars Typhimurium and Choleraesuis were coated on microtitration plates, blocked with bovine serum albumin, and incubated with diluted test samples. Horseradishconjugated, rabbit antipig serum and o-phenylenediamine dihydrochloride were sequentially added. The enzyme reaction was stopped with 0.5 M sulfuric acid, and the color intensity was read using a spectrophotometer at a wavelength of 492 nm. On every microtitration plate, the following control serum samples were included: a negative serum and 4 sera from pigs experimentally infected with Salmonella Typhimurium (1 with high, 2 with medium, and 1 with low antibody content) for linear regression analysis and 2 sera from pigs experimentally infected with Salmonella Infantis (1 with medium and 1 with high antibody content) for control of O antigens 6 and 7. 7 In addition to these controls described in the original assay, another positive serum control sample was included for control of O antigens 1, 4, 5 and 12; this sample was prepared by diluting serum from a pig experimentally infected with Salmonella Typhimurium with negative serum. Furthermore, 2 wells were blanks. This setup left 78 wells for test samples on each microtitration plate ( Fig. 1 ). Test optical density (OD) values for meat juice samples were corrected for interplate variation by converting into corrected optical density (ODC) using a linear regression analysis of the OD values of the negative control and the 4 Salmonella Typhimurium control sera from the same plate. The normative OD values used in the regression analysis were obtained as the median OD values of these controls as incurred over a period of time. The ODC was expressed as OD% on a fixed linear scale, with the normative value of the negative control at 21.520 OD% and the normative value of the highest Salmonella Typhimurium control at 80.102 OD% (Lars Ekeroth, personal communication 2005). Meat juice samples with OD% .20% were considered test positive. 1, 2 For calculation of confidence intervals, meat juice samples were tested in single wells, as is usually done in the routine surveillance program, 4 whereas the controls and all other meat juice analyses were tested in duplicate as originally described. 7 Microtitration plate with numbers and letters indicating distribution of samples during tests: 1 to 39 5 meat juice pools in the panel for monthly QC of the ELISA (normative values are given in Table 1 ). a to e 5 serum samples for linear regression analysis to correct for interplate variation, f to i 5 buffer and serum samples for approval of microtitration plate.
Origin of pigs. Muscle samples were collected from slaughter pigs from 5 herds infected with Salmonella (Salmonella-positive herds) and from 4 herds seronegative for Salmonella infection (Salmonella-negative herds). Salmonella-positive herds were defined as herds assigned to Salmonella level 3 at the time of sampling (i.e., herds with an unacceptably high proportion of positive samples, which means a serologic Salmonella index $70 according to the classification system in the Danish Salmonella surveillance program for slaughter pigs. 1, 2 After assignment of the herds to level 3, Salmonella Typhimurium was the serotype isolated by bacteriologic fecal culture. Herds infected with Salmonella Typhimurium were chosen because this is the most frequently isolated serotype in Danish slaughter pig herds; in 2003, 69.6% of the isolates were typed as Salmonella Typhimurium. 2 In this study, Salmonella-negative herds were defined as herds where at least 80 meat juice samples collected for routine surveillance testing over the past 2 yr yielded a negative result in the Salmonella ELISA. Furthermore, none of the Salmonella-negative herds had any ELISApositive samples among the routine samples taken for 6 mo after collection of the samples for this study.
Collection of muscle samples. At the slaughterhouse, left and right Musculus sternomastoideus (neck muscle) and left and right Musculus psoas minor (tenderloin muscle) were collected from slaughter pigs. The collection took place in the cooling facility on the day after slaughter. The muscle samples were placed in plastic bags and transported to the laboratory immediately after collection. In total, muscles were collected from 222 pigs from Salmonella-positive herds and from 130 pigs from Salmonella-negative herds; the muscles from the Salmonella-negative herds were collected on 2 occasions (80 pigs and 50 pigs).
Extraction of meat juice. Most of the muscles were individually frozen at 220uC for 1 to 3 days, after which they were thawed at room temperature before further processing, and the remainder of the muscles were processed on the day of collection. Each muscle was cut in approximately 1 3 1 3 1-cm pieces and distributed in several small plastic containers for extraction of meat juice, a with several pieces of meat in each container. A single piece of meat from each of the 2 muscles was frozen in separate containers for initial testing of each of the pigs from the Salmonella-positive herds. The containers and meat were frozen at 220uC. They were thawed at room temperature the day before the meat juice was to be used. During thawing, meat juice was released from the muscles and collected in the bottom of the containers. 8 The meat juice was used to prepare the various panels with pools of meat juice.
Preparation of a meat juice panel for monthly QC of the ELISA. Initially, the single pieces of meat were thawed, and the meat juice samples were tested in duplicate for antibodies using the Salmonella ELISA. These results were used to select pigs on the basis of the OD% for preparation of 39 meat juice pools. Each pool contained meat juice from 3 to 7 pigs, with approximately equal amounts of meat juice from neck muscle and tenderloin muscle. The expected OD% of the 39 pools ranged from 0 to 100 to cover the full spectrum of measurement. The meat juice from each pool was aliquoted into 25 vials containing 200 ml of meat juice. Additional meat juice was frozen in 1 or 2 vials containing 1 to 3 ml, and all vials were stored at 220uC.
Preparation of meat juice panels for quarterly control of the DSe and the DSp of the ELISA. Panels of Salmonellapositive or Salmonella-negative pools were prepared from the total amount of meat juice released from the 4 muscles of the same pig. Categorization of these pools as Salmonella-positive or Salmonella-negative was based on the OD% obtained in the Salmonella ELISA, using a cutoff value of 20%. 1 The positive panel contained 100 ELISA-positive pools prepared from muscles selected on the basis of results of the initial test on the single pieces of meat from Salmonella-positive herds. The negative panel contained 100 ELISA-negative pools. Among the negative pools, 25 were prepared from ELISA-negative pigs from the Salmonella-positive herds and the remaining 75 were prepared from the Salmonella-negative herds. The pools were randomly numbered 1 to 200, with positive and negative pools having numbers intermingled. During subsequent tests, the pools were placed on microtitration plates according to their number, thereby giving rise to a number of microtitration plates with positive and negative meat juice pools tested in adjacent wells. The remaining wells on the last microtitration plate in every test were left empty. Each pool initially contained at least 10 ml of meat juice, which was distributed in 6 ready-to-use vials containing 200 ml and 3 vials containing 3 ml for later redistribution into smaller vials.
Inclusion of pools in the meat juice panels. After preparation of the meat juice pools, repeated testing formed the basis for final inclusion of each pool into the panels. The panel for monthly QC of the ELISA was tested on 10 occasions evenly distributed throughout a 6-mo period to include results from tests with antigen coating performed on several occasions and with different batches of conjugate, bovine serum albumin (BSA), microtitration plates, and OPD. On each occasion, each pool was tested in 2 nonadjacent wells to give maximal variation. The distribution of the 39 pools on the microtitration plates during these tests is shown in Fig. 1 . The total coefficient of variation (CV) was calculated from the OD% obtained in the 20 tests performed on each pool to determine whether the pools were suitable for a control panel, and pools with * CV 5 coefficient of variation from 20 tests on 10 microtitration plates during 6 mo, LCL 5 lower control limit (mean OD% 2 2 SD), UCL 5 upper control limit (mean OD% + 2 SD).
CV .20% were excluded. The panels for control of the DSe and DSp were tested 5 times in duplicate; these tests were evenly distributed over a 2-mo period. To be finally included into the panels, a pool had to have the same test result (either positive or negative) for the 5 tests. Implementation in QC system. The QC panel with the 39 pools was tested once every month as a formal part of the QC program for the ELISA. After implementation in the QC program, evaluation of test results was based on the OD%. The limits of approval were set as mean 6 2 SD OD% of 20 observations for each pool. To avoid inclusion of test results from samples that had not been properly pipetted onto the microtitration plates, thereby creating unrealistically wide limits for approval, single observations were deleted if the OD% deviated from the mean OD% of the particular pool by .3 SD. The SD for the pools in question was recalculated without these observations.
The panels for control of the DSe and DSp of the assay were prepared for testing 4 times/yr. After implementation, evaluation of test results was based on the scoring of the pools as either positive or negative, and the results were used to control for drifts in the DSe and DSp of the assay. Since the panels each contained 100 positive or negative pools, the initial value for DSe and DSp was set at 1.000. In subsequent testing, the maximal acceptable numbers of false-negative or false-positive samples was 3 samples for each pool. This threshold for approval was based on the fact that, assuming a Poisson distribution, the 95% confidence interval for DSe or DSp with 3 or fewer false test results would include the initial value 1.000. A 95% confidence interval for DSe or DSp with 4 false test results out of 100 samples would be from 0.921 to 0.998 and, therefore, significantly different from the initial value 1.000, thereby indicating a drift in DSe or DSp.
Results
Panel for monthly QC of the ELISA. Of the 222 pigs from Salmonella-positive herds, 128 (58%) had an OD% above the cut-off value of 20%. Neither muscle type had a consistently higher OD% than the other OD% from the same pig. When different meat juice samples with almost identical OD% were pooled, the pools had an OD% close to the mean OD% of the original meat juice samples. The OD% of pools was more difficult to predict when meat juice with a high OD% was mixed with meat juice with a lower OD%. In these instances, if the OD% of the pool was high, some of these pools were further diluted with meat juice samples with a low OD% to avoid too many pools with OD% close to 100. Figure 2 shows the distribution of the OD% in the 39 pools.
Microtitration plates were coated 10 separate times for performing the 10 tests on each control sample. Two batches of conjugate and 2 batches of BSA were used for the tests, and 4 batches of microtitration plates were used. The batch of OPD was not changed during the 6 months. Total CV, mean OD%, and upper and lower control limits for each of the 39 pools are shown in Table 1 . The total CV for the 20 results for each pool varied from 5.17 to 57.99%, with a mean value of 13.7%. The pools with CV .20% had mean OD% below 10, those with CV between 11 and 20% had OD% between 10 and 62, and the pools with CV #10% had OD% .62 (with 1 exception). A single, outlying observation deviating more than 3 SD from the mean was identified for pool Nos. 5 (80 OD%), 8 (64 OD%), 17 (21 OD%), 31 (137 OD%), and 38 (19 OD%), and these observations were deleted. The limits for approval given in Table 1 were calculated without these deleted observations.
Panels for quarterly control of the DSe and DSp. The Salmonella-positive pools were derived from samples covering the full spectrum for positive samples, with OD% ranging from 21 to 100; similarly, the Salmonella-negative pools contained samples with OD% between 0 and 20. After the first test of the 80 samples from the first collection from Salmonella-negative herds, the pigs from one of the herds were excluded because 1 sample from this herd had an OD% of 30 and this herd, therefore, was suspected of being infected with Salmonella spp. For some of the pigs, ,10 ml of meat juice could be extracted from the 4 muscles, and these pigs had to be omitted, too. New samples were taken from 50 pigs from another Salmonella-negative herd to replace the discarded pools.
During the 5 repeated tests of the positive and negative pools, 3 pools were excluded because they had a different result for the first and the second tests (both positive and negative); these 3 pools were all from Salmonella-positive herds. Further disagreements were not found beyond the second test. The excluded pools were replaced with pools from a Salmonella-negative herd. Therefore, in the final panels, only 22 of the 100 Salmonella-negative pools originated from Salmonellapositive herds. The distribution of the OD% in the 200 pools selected for the Salmonella-positive and -negative panels is shown in Fig. 3 .
Discussion
For the preparation of meat juice for the control panels in this experiment, muscles collected from pigs with unknown individual infection status were used, for ethical and economical reasons. As an alternative, samples from experimentally infected pigs could have been used, but such a procedure would have demanded inoculation of at least 200 pigs. Although the true infection status of these pigs could not be determined with 100% certainty, they all originated from well-characterized, infected or noninfected herds. Furthermore, the purpose of using the meat juice panels was to simulate the field samples, which are samples collected at the abattoirs in the surveillance program. The antibody profile of meat juice samples from these pigs was probably closer to the profiles in the field samples than were samples from experimentally infected pigs. Therefore, the choice of samples from pigs with individually unknown infection status was not expected to decrease the validity of the panels.
The meat juice was extracted from the muscle types that are used in the Danish Salmonella surveillance program. Including other muscles might have made the collection easier because larger amounts of meat juice could have been obtained from large muscles, but there might be differences in the composition of the meat juice from different muscles, 8 and this could adversely affect the ELISA results. It was necessary to pool the meat juice from muscles from different pigs to obtain sufficient amounts of sample material for the QC panel, because this panel should last for several years. For preparation of the panels for control of DSe and DSp, the meat juice from 1 pig was sufficient because these panels were intended for testing at longer time intervals. Antibodies against components such as core or lipid A fractions of lipopolysaccharide from nonpathogenic Enterobacteriaceae will probably cross-react in the ELISA, 7 and such cross-reacting antibodies might affect the DSp of the ELISA. Therefore, the meat juice from different pigs was not pooled for the latter panels, because these reactions might be masked by pooling meat juice from different pigs with different (unknown) cross-reacting antibodies. Meat juice for all panels was distributed in smaller aliquots before freezing because this procedure has been recommended as good practice. 3 The panel for QC of the ELISA was planned for frequent testing to act as a warning system for drifts in the test that might affect meat juice samples but not the serum samples previously used as the only internal controls. The QC panel will facilitate determination of intralaboratory reproducibility. For this purpose, test results will be acceptable if they remain within the mean (6 2 SD) OD%, 5 and at least 10 runs would give good estimates of the initial values, 3 as was done for the QC panel. For another Salmonella ELISA, it was observed that the SD was dependent on the amount of antibodies present. 10 The same phenomenon seems to be present for this ELISA, because an ordering of the test results from the 39 pools according to CV% resulted in groups with OD% within a certain range (Table 1 ). It has been reported that pools with a low OD% might have higher CV% than do pools with a higher OD%. 3 This was observed for the pools with mean OD% ,10, but to keep a wide range of OD% within the QC panel, these pools were not excluded. Instead, pools with OD% ,10 will not be evaluated on the basis of the SD, but test results will be approved if the OD% is ,10.
The panels for control of the DSe and DSp will provide information that might also be useful for epidemiologic purposes. The panel contains several pools with OD% close to 20 (cut off), where changes in DSe or DSp of the ELISA will most likely appear. Although the panels are not intended to be part of the formal internal QC program, corrective actions should be undertaken whenever the threshold number of 3 samples with a false test result is attained, since this will be an indication of a drift in DSe or DSp.
It should be kept in mind that the DSe and DSp determined with the these panels were not the true values, since these could only be obtained by testing samples from individual animals of known history and infection status. 3 However, it was likely that the pigs from the Salmonella-negative herds were truly not infected. Moreover, other specificity panels have been collected on a similar basis. 11 It is not known whether DSe and DSp of the ELISA is the same for all Salmonella serotypes. The combination of O antigens in the ELISA will theoretically detect antibodies against most Salmonella serovars, which have been isolated from Danish pigs, 6 but a supplemental panel containing samples from herds infected with less frequently observed serotypes such as Salmonella Infantis might be relevant.
The results presented here indicate that it is possible to prepare pools of meat juice that are suitable as control panels. Their use over time should help detect any changes in the ELISA that could have remained undetected by the former internal QC program that was based on serum samples. The procedures described here can be applied to other assays using meat juice as test samples.
